The preeminent mode of action of the broad-spectrum antiviral nucleoside ribavirin in the therapy of chronic hepatitis C is currently unresolved. Particularly under contest are possible mutagenic effects of ribavirin that may lead to viral extinction by lethal mutagenesis of the hepatitis C virus (HCV) genome. We applied ultradeep sequencing to determine ribavirin-induced sequence changes in the HCV coding region (nucleotides [nt] 330 to 9351) of patients treated with 6-week ribavirin monotherapy (n ‫؍‬ 6) in comparison to placebo (n ‫؍‬ 6). Baseline HCV RNA levels maximally declined on average by ؊0.8 or ؊0.1 log 10 IU/ml in ribavirin-versus placebo-treated patients. No general increase in rates of nucleotide substitutions in ribavirin-treated patients was observed. However, more HCV genome positions with high G-to-A and C-to-U transition rates were detected between baseline and treatment week 6 in ribavirin-treated patients in comparison to placebo-treated patients (rate of 0.0041 transitions per base pair versus rate of 0.0022 transitions per base pair; P ‫؍‬ 0.049). Similarly, the sensitive detection of low-frequency minority variants by statistical filtering indicated significantly more positions with G-to-A and C-to-U transitions in ribavirin-treated patients than in placebo-treated patients (rate of 0.0331 transitions versus rate of 0.0186 transitions per G/C-containing position at baseline; P ‫؍‬ 0.018). In contrast, non-ribavirin-associated A-to-G and U-to-C transitions were not enriched in the ribavirin group (P ‫؍‬ 0.152). We conclude that ribavirin exerts a mutagenic effect on the virus in patients with chronic hepatitis C by facilitating G-to-A and C-to-U nucleotide transitions.
T
he guanosine analogue ribavirin (1-␤-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) displays broad antiviral activity against RNA and DNA viruses in vitro and is used for the treatment of hepatitis C virus (HCV), respiratory syncytial virus (RSV), and Lassa fever virus infections (1) (2) (3) . Monotherapy of patients with chronic HCV infection with ribavirin causes declining serum aminotransferase levels but leads to only a moderate and transient reduction of HCV RNA levels (4, 5) . In spite of the inefficacy of ribavirin monotherapy, the drug acts synergistically with (pegylated) alpha interferon (IFN-␣) during anti-HCV therapy, resulting in roughly 3-fold-enhanced sustained virologic response (SVR) rates compared to those resulting from interferon monotherapy (6, 7) . Similar effects of ribavirin were observed for triple therapies of HCV genotype 1-infected patients that included direct antiviral agents. Here the addition of ribavirin to an NS3/4A protease inhibitor and pegylated IFN-␣ (PEG-IFN-␣) resulted in increased antiviral efficacy and reduced viral breakthroughs associated with resistant viral variants (8) (9) (10) . Furthermore, even in the context of a combination of two direct antiviral agents in patients with chronic hepatitis C which led to frequent treatment failure, the addition of ribavirin without PEG-IFN-␣ enhanced the initial virus decline and reduced the number of viral breakthrough events (11) .
The preeminent mode of action of ribavirin in the therapy of chronic hepatitis C is unresolved. It was recently shown that ribavirin in conjunction with IFN-␣/PEG-IFN-␣ induces the expression of specific interferon-stimulated genes (ISGs) in vitro and in vivo, thereby potentiating the anti-HCV effect of interferon (12) (13) (14) . Other possible mechanisms of ribavirin action include the following models: strengthening of the adaptive antiviral immune response, impairment of the cellular enzyme IMP dehydrogenase (IMPDH), direct inhibition of the HCV nonstructural 5B (NS5B) RNA-dependent RNA polymerase, and exertion of a mutagenic effect on RNA viruses and the resulting error catastrophe (15, 16) . The lack of proofreading activity of the HCV polymerase results in a population of divergent but closely related viruses, termed viral quasispecies, that optimizes viral evolutionary fitness by maximizing genetic variation. Quasispecies are assumed to exist at the edge of a genomic error threshold (17) . Exceeding this error threshold may lead the quasispecies into a sequence of error catastrophes, termed lethal mutagenesis, that results in viral extinction (15, 18) . The application of a model poliovirus polymerase showed that the incorporation of ribavirin templates the incorporation of cytidine and uridine, leading to a mutagenic effect which coincided with reduced poliovirus infectivity as well as with the observation of G-to-A and C-to-U transitions in mutagenized genomes (19) . Ribavirin-induced mutagenesis of the HCV genome has been demonstrated in vitro based on sequenced isolates from ribavirintreated HCV cell culture systems (20) (21) (22) . Furthermore, HCV cell culture experiments revealed the selection of several HCV mutations (23, 24) as well as changes in the cell line (23) , both conferring ribavirin resistance. In vivo analyses of ribavirin-induced mutations in the HCV genome, on the other hand, remain inconclusive. Several studies reported selective mutations in NS5A/B as well as increased nucleotide substitution rates consistent with G-to-A and C-to-U nucleotide transitions in NS3/NS5B in patients under ribavirin monotherapy (25) (26) (27) . Also, in patients undergoing therapy with IFN-␣ plus ribavirin, an increased mutation rate and a mutational spectrum with increased G-to-A and C-to-U transitions were detected during treatment based on E1/E2 and NS5A sequencing studies (28) . A greater nucleotide sequence variation with an increase in C-to-U transitions within NS3 and NS5B was also observed for patients treated with a NS3 inhibitor and a NS5B inhibitor in combination with ribavirincontaining regimens (29) . In contrast, other results showed only transient (30) or no (31) increases in substitution rates in NS5B and NS3/4A, respectively. Selection for a ribavirin-associated resistance mutation in NS5B that is suggestive of a mutagenic effect of ribavirin (26) was not verified in nonresponder patients who were treated with ribavirin in combination with IFN-␣ or PEG-IFN-␣ (32) . In this study, we employed ultradeep sequencing of the HCV coding region (nucleotides [nt] 330 to 9351) in order to investigate the ribavirin-induced mutagenesis of the viral quasispecies in detail over time in 12 patients under ribavirin monotherapy versus placebo.
MATERIALS AND METHODS
Patients. In a prospective, randomized, placebo-controlled study, 68 patients with chronic HCV genotype 1 infection were randomized and treated at the University Hospitals in Frankfurt, Berlin, Hannover, and Homburg/Saar, Germany, as well as at an Independent Medical Center in Frankfurt between 2007 and 2010. Initially, for 6 weeks, patients received either placebo or ribavirin at 1,000 to 1,200 mg per day according to body weight or 180 g PEG-IFN-␣2a per week. Subsequently, all patients received antiviral treatment according to the standard of care (180 g PEG-IFN-␣-2a once weekly plus 1,000 to 1,200 mg ribavirin daily, body weight adapted) (56) . For deep-sequencing analysis of HCV quasispecies, serum samples during monotherapy were selected from 12 patients (HCV subtype 1b [n ϭ 6], ribavirin [n ϭ 6], and placebo) at baseline (before treatment) and at treatment day 42. Enrollment in the clinical study as well as the usage of patient serum samples for HCV sequencing studies were approved by the local ethics committee, and written informed consent was obtained from all patients. Quantitative HCV RNA measurement was performed by using a commercially available assay (COBAS AmpliPrep/ COBAS TaqMan HCV test; Roche Diagnostics).
HCV RNA extraction, reverse transcription, and PCR. For HCV RNA extraction, 140 l of serum was used (QIAamp viral RNA minikit; Qiagen, Hilden, Germany). cDNA synthesis was performed in triplicates by using SuperScript III reverse transcriptase (Invitrogen) with random or specific primers and 8 l of viral RNA corresponding to 0.5 g of viral RNA on average. Amplification of the HCV genome from the 5= N-terminal region (NTR) to NS5B (nt 145 to 9351) occurred in 5 overlapping PCR amplicons with gene-specific primers for outer and inner nested PCRs. Patient-specific primers were designed after sequencing and alignment of the primer binding regions of all patients. Nested PCRs were conducted with 1/20 of cDNA or outer PCR product, using the Expand High Fidelity Plus PCR system (Roche Applied Science) containing a DNA polymerase and a proofreading protein. Primer sequences and PCR conditions are listed in Table S1 in the supplemental material. The resulting amplicons were analyzed for correct size and purity on 0.8% agarose gels stained with ethidium bromide.
Deep sequencing. For a first analysis, four patients (ribavirin-treated patients 1 and 2 and placebo-treated patients 7 and 8) were selected for 454 deep sequencing. Based on the results for the comparison of mutational frequencies among baseline, day 7, day 21, and day 42 of treatment with ribavirin versus placebo, eight additional patients (ribavirin-treated patients 3 to 6 and placebo-treated patients 9 to 12) were subsequently enrolled for deep sequencing analysis (Illumina technology) at baseline and day 42. Per patient and time point, five HCV amplicons were generated for deep sequencing analysis. All amplicons were purified by using Agencourt CleanSeq beads on a BioMek NX workstation (Beckman Coulter), quantified fluorometrically on a FluoStar Optima instrument (BMG Labtech) by using Quant-iT Picogreen double-stranded DNA (ds-DNA) reagent (Invitrogen), and sample-specific amplicons were pooled equimolarly for library preparation.
For 454 deep sequencing, amplicons were fragmented by nebulization. Next, a sizing solution was applied to remove fragments shorter than 400 bp on a BioMek NX workstation, and the size distribution of the DNA was confirmed by a 2100 Bioanalyzer (Agilent Technologies). DNA adaptors containing primer binding sites for deep sequencing as well as multiplex identifiers (MIDs) for sample bar coding were ligated into the purified DNA fragments by using a GS FLX Titanium Rapid Library Preparation kit (Roche Applied Science). The library was subjected to emulsion PCR for clonal amplification of DNA fragments on water-in-oil emulsion microreactors followed by enrichment and counting of DNA containing beads (GS FLX Titanium LV emPCR kit [Lib-L] and GS FLX Titanium emPCR breaking kit LV/MV 12pc; Roche Applied Science). Subsequently, microbeads were collected and loaded onto the PicoTiter plate of the FLX Genome Sequencer (Roche Applied Science). 454 FLX second-generation sequencing technology with an average read length of 400 bp was performed according to the manufacturer's protocols by using the GS FLX Titanium sequencing kit (Roche Applied Science).
For the preparation of libraries for Illumina deep sequencing, equimolarly pooled amplicons were "tagmentated" (fragmented and tagged) by using a Nextera DNA sample preparation and index kit (Illumina) according to the manufacturer's manual. DNA fragments shorter than 400 bp were removed as described above. Resulting libraries were quantified on a 2100 Bioanalyzer (Agilent Technologies) and diluted to 10 pM for cluster generation and subsequent sequencing on an Illumina MiSeq platform using the paired-end sequencing protocol for 2ϫ 250-bp runs.
The theoretical mean coverages were calculated to be approximately 4,900 reads by using the 454 platform and 8,200 reads by using Illumina deep sequencing technology, assuming optimal quantity and length of generated reads (see Tables S3 and S4 in the supplemental material for the actual coverages). To compare 454 and Illumina deep sequencing, one patient sample was sequenced at baseline and at day 42 with both platforms, and the generated reads were compared. Although variants determined by the 454 and Illumina platforms were highly correlated, we computed substitution and nucleotide transition rates exclusively on pairs of samples that underwent identical library preparation and that were sequenced on the same platform and the same sequencing run. After nucleotide transition and substitution rates were thus generated in a platformdependent manner, these quantities were combined and subjected to further statistical analysis.
Mapping of deep sequencing data. A standard flowgram format (SFF) file containing the nucleotide sequence reads was generated for each sequenced sample by the 454 sequencing software (GS Run Processor; Roche Applied Sciences) provided with the instrument. Reads produced by Illumina software were provided in FASTQ format. Subsequently, Phred quality scores were extracted from the reads, and primer sequences were removed from the start of the reads. For 454 reads, bases succeeding the first base call with a Phred quality score below 10 were trimmed, as reported in previous studies (33) , and reads produced by the Illumina platform were trimmed to a Phred quality score of 20. We note that Phred scores have a slightly different interpretation on both platforms, denoting the probability of a miscalled base and incorrect read length for Illumina and 454 technologies, respectively. Reads with no "N" base calls and a length of more than 25 bases were retained, and quality control metrics were computed for the trimmed reads to ensure consistent high quality across all samples. The resulting high-quality reads were mapped to the HCV-J reference genome (34) with the gapped read mapper SMALT (Wellcome Trust Sanger Center), the successor of the popular long-read mapper SSAHA2 (35) that displays increased specificity and sensitivity according to both the original authors and external validations (36) . Base insertions and deletions, both common errors in deep sequencing, were detected and marked in the alignment and were not included in subsequent evaluations. Subsequently, nucleotide variant distributions were called for each variant position in the alignment (nt 330 to 9351) by the SAMtools suite (37) . The uniformity of the base distribution at each alignment position was quantified with an entropy measure. HCV sequences from patient samples taken at baseline and during ribavirin monotherapy and placebo treatment, respectively, were compared.
Variant calling. For each base position of an aligned read set (HCV coding region at nt 330 to 9351) at two time points, t 1 and t 2 (baseline and day 42, respectively), we consider the frequencies of the single bases A, C, G, and T. The predominant substitution rate, S, at a specific position describes the dominant base mutation comparing time points t 1 and t 2 :
Based on previous approaches (26, 27) , at each position, an indicator, T, of ribavirin-supported transition rates comparing time points t 1 and t 2 is defined as follows:
Transitions from G to A and C to U are considered to be facilitated by ribavirin (19, 20, 25, 27, 28, 38) . A cutoff value of 0.4 for the evaluation of substitution rates and transition rates was chosen from a first evaluation of a first patient treated with ribavirin compared with a patient treated with placebo by comparing several possible values. Unfortunately, the limited number of patients in this study does not allow a refined optimization of the cutoff levels.
Investigation of deep sequencing error rates. In order to determine the technical error rates of library preparation and deep sequencing using 454 and Illumina platforms, amplicon 3 (2,228-bp fragment ranging from NS3 to NS4B) of one patient and time point was cloned into a pSC-Aamp/kan vector and transformed into Escherichia coli competent cells (StrataClone PCR cloning kit; Agilent Technologies). The plasmid DNA was purified (QIAprep Spin miniprep kit; Qiagen) and Sanger sequenced with M13 forward and reverse as well as internal template-specific primers (see Table S2 in the supplemental material), according to the manufacturer's protocol (BigDye Terminator v1.1 cycle sequencing kit; Applied Biosystems), on an ABI Prism 3130xl genetic analyzer (Applied Biosystems). The insert of one sequenced plasmid clone was excised from the vector with the restriction enzyme EcoRI and was deep sequenced in parallel with the other PCR amplicon samples. In accordance with other studies (33, (39) (40) (41) (42) (43) , the technical error rate was calculated by counting all nucleotide variants of the plasmid reads in the alignment that did not correspond to the sequence of the clone determined by Sanger sequencing. While insertion errors were subject to automatic removal during the mapping of the sequencing reads to the HCV-J reference genome (34), deletions with respect to the reference sequence were detected during the mapping and quantified as errors but excluded from all further analyses.
Minority variant calling based on a statistical filtering procedure. Low-frequency nucleotide variants were distinguished from technical errors by utilizing the statistical filtering procedure deepSNV (where SNV is single-nucleotide variants) (44) . The filtering procedure estimates sequence-specific and strand-specific error rates to derive a position-wise test statistic for reliably identifying low-frequency minority variants that display increased frequencies in a test sample compared to a given control. Using this method, we computed FDR (false discovery rate)-corrected P values for all nucleotide variants. To calculate ribavirin-supported G-to-A and C-to-U nucleotide transitions between two time points, only positions within the HCV coding region (nt 330 to 9351) containing a G or C in the consensus baseline sequence were considered. At these positions, variants were considered for further analysis if they showed a significant increase of A or U frequencies, respectively, between two time points, as characterized by a position-wise P value of the statistical filtering procedure below a cutoff of 0.001. The computation of non-ribavirin-associated A-to-G and U-to-C transitions occurred analogously to the calculation described above. Thereby, variants with a significant increase of G or C between both time points were considered at positions with an A or U in the consensus baseline sequence.
Statistical analysis. The predominant substitution rate, S, and the nucleotide transition rate, T, of ribavirin-and placebo-treated patients were compared by random-effect models for these rates and testing for group effects. Statistical analysis was conducted based on the metaprop procedure of the meta package by Guido Schwarzer for R software (R Foundation for Statistical Computing, Vienna, Austria). P values of less than 0.05 were considered significant.
Deep sequencing data access. The deep sequencing data from this study have been deposited in the Sequence Read Archive (SRA) under accession number ERP001566.
RESULTS
HCV RNA kinetics and analysis of deep sequencing. For the investigation of ribavirin-induced mutations, we used clinical serum samples from HCV genotype 1-infected patients (see Materials and Methods). We selected an overall number of 12 patients (n ϭ 6 for ribavirin; n ϭ 6 for placebo) with the same HCV genotype (GT1b) and similar HCV RNA concentrations (between around 1 ϫ 10 6 and 1.5 ϫ 10 7 IU/ml) before initiation of therapy (baseline) for deep sequencing analysis of the HCV quasispecies. As it is not known whether a mutagenic effect of ribavirin would be reflected by a decline of the HCV RNA concentration, we chose patients under ribavirin monotherapy or placebo treatment who displayed various HCV kinetics (Fig. 1A) . On average, baseline HCV RNA levels maximally decreased by Ϫ0.8 or Ϫ0.1 log 10 IU/ml in ribavirin-versus placebo-treated patients. 454 deep sequencing of the HCV quasispecies from four patients (see Materials and Methods) during the 6-week monotherapy resulted in an average of 160,250 sequenced reads per sample, with a mean read length of 316.6 bp after removing low-quality bases. A total of 99.1% of high-quality reads could be unambiguously aligned to the HCV-J reference genome, resulting in a mean minimum coverage (averaged over all patients and positions) of 4,394.3 (range, 597 to 17,542) reads per position for the 454 platform (Fig. 1B) . Samples from further patients included in the study (ribavirintreated patients 3 to 6 and placebo-treated patients 9 to 12) were sequenced by using the Illumina platform, which produced an average of 527,968 high-quality reads per sample, with a mean read length of 133.4 bp after clipping of bases with low quality. The alignment of 94.9% of high-quality reads to the HCV-J reference genome (34) gave rise to a mean minimum coverage of 4,649.2 (range, 0 to 27,033) reads per position (Fig. 1C) . We observed a decreased coverage of the Illumina sequencing reads between positions 1500 and 1550 (E2) and at position 8627 (NS5B). The reduced coverage within E2 is attributed mainly to hypervariable region 1 (HVR-1), which is known to produce difficulties during the alignment process due to its high variability. Furthermore, the Nextera method used for library preparation for Illumina deep sequencing was shown to produce biased data sets (45) . As position 8627 is located before a large G/C stretch, this may influence the recovery of these sequences during library preparation. Nonetheless, during statistical filtering, positions with low coverages are rejected from further analyses. To compare the sequencing results produced by 454 and Illumina deep sequencing, two samples (baseline and day 42) from one patient were each processed with both platforms. The nucleotide ratios of these samples were compared between the 454 and the Illumina data, and an R-squared correlation resulted in a correlation of Ͼ0.995 for the ratios of all four nucleotides (A, C, G, and T). Alignment of the deep sequencing reads produced nucleotide counts of the four possible bases (A, C, G, and U) at every position of the HCV-J reference genome (34) . These nucleotide counts were analyzed for each sample and compared between baseline and day 42 in order to investigate a potential ribavirin-induced increase in the number of nucleotide substitutions.
Ribavirin does not generally induce mutations in the HCV genome. To determine whether ribavirin treatment is associated with the fixation of mutations in the HCV genome, we estimated S, the change rate of the predominant substitution between two consecutive sampling time points (see Materials and Methods). S values exceeding a 40% threshold, indicating large changes of the HCV quasispecies, were observed at slightly more HCV genome positions in patients undergoing ribavirin monotherapy than in patients receiving placebo between baseline and day 42 (rate of 0.0085 substitutions per base pair versus rate of 0.0052 substitutions per base pair) ( Table 1 and Fig. 2 ). However, no significant differences between the ribavirin group and the placebo group were detected (P ϭ 0.230), and no local clustering of S values within the HCV genome of patients treated with ribavirin was detected (Fig. 2) . This indicates that ribavirin does not lead to a generally increased mutation rate.
Accumulation of ribavirin-induced nucleotide transitions. Misincorporation of the guanosine analogue ribavirin in the viral RNA results in mutation of the viral genome by acting as a nonspecific nucleotide template for the incorporation of both cytidine and uridine. This mutagenic effect may lead the viral quasispecies into error catastrophe and lethal mutagenesis (15, 19) . Increased nucleotide substitution rates and accumulation of G-to-A and C- to-U transitions within NS3 and NS5B of patients with chronic HCV infection receiving ribavirin monotherapy support this hypothesis (27) . We computed the change in substitution rates of ribavirin-associated transitions, T (G to A and C to U), between baseline and day 42 by expanding on approaches introduced in previous work (26, 27 ) (see Materials and Methods). Patients under ribavirin monotherapy exhibited significantly more HCV genome positions with large (T Ͼ 40%) increases in rates of ribavirin-associated transitions than the placebo group (rate of 0.0041 transitions per base pair versus rate of 0.0022 transitions per base pair; P ϭ 0.049) ( Table 1 and Fig. 3 ) between baseline and day 42. An enhancement of ribavirin-associated transitions in ribavirintreated patients was still observable after small alterations of the 0.4 cutoff level. To characterize the mutation spectrum at baseline, quasispecies entropy was calculated for all samples at baseline. Entropy was determined to be highly similar for the ribavirin and placebo groups, indicating similar mutation spectra at baseline. Furthermore, the frequency of positions with a C/G in the baseline consensus sequences was comparable between ribavirin-and placebo-treated patients (data not shown). Moreover, we did not observe any favored localization of ribavirin-associated transitions within the HCV genome of ribavirin-treated patients (Fig. 3) . Analysis after statistical filtering procedure. In order to differentiate low-frequency nucleotide variants from technical errors, we applied an involved statistical filtering procedure that allows the identification of such minority variants with high sensitivity and specificity (44) . Using this method, P values were computed for each HCV genome position, quantifying the significance of occurring nucleotide substitutions between two time points. Ribavirin-supported G-to-A and C-to-U nucleotide transitions were calculated by considering only positions which exhibited a G or a C in the consensus sequence at baseline and displayed a significant (␣ ϭ 0.001) increase in A and U frequencies, respectively, between baseline and day 42. Based on the application of this strategy for filtering of deep sequencing data, we confirmed that patients under ribavirin monotherapy display significantly more HCV genome positions with significant G-to-A and C-to-U transitions than patients treated with placebo (rate of 0.0331 transitions versus rate of 0.0186 transitions per G/C-containing position at baseline; P ϭ 0.018) ( Table 2 ). Furthermore, ribavirininduced transitions did not display a preferred nucleotide signature in ribavirin-treated patients in comparison to placebotreated patients, indicating that these transitions do not occur in a certain context of surrounding nucleotides (data not shown).
We intended to determine whether differences from ribavirinsupported transitions originate from many small or from large transitions. Therefore, we analyzed the magnitude and the corresponding frequencies of G-to-A and C-to-U transitions and compared the results before and after application of the data-filtering strategy ( Fig. 4A and B) . Both before and after filtering of deep sequencing data, ribavirin-treated patients displayed an overall increase in the number of G-to-A and C-to-U transitions in comparison to placebo-treated patients between baseline and day 42 that encompassed small, medium, and large changes in ribavirinassociated transitions, T. Application of the statistical filtering procedure especially eliminated variants with nonsignificant small changes, affirming the importance of this method for differentiating genuine variants from technical errors. However, when small nucleotide transition changes (including changes of Ͻ40%) were included in the analysis without statistical filtering, we observed no significant differences between the ribavirin and the placebo groups, indicating that ribavirin-associated transitions are generated predominantly via medium and large nucleotide changes. Transitions in the reverse direction (A-to-G and U-to-C) were not significantly enhanced in ribavirin-treated patients in comparison to placebo-treated patients (rate of 0.0184 transitions versus rate of 0.0128 transitions per A/U-containing position at baseline; P ϭ 0.152) ( Table 3 ) between baseline and day 42. Therefore, the mutagenic effect of ribavirin is attributed mainly to the generation of G-to-A and C-to-U transitions. Determination of deep sequencing error rates. In order to estimate the technical error rate of our sequencing approach, a plasmid-amplified clonal sample of a fragment ranging from NS3 to NS4B was sequenced by using 454 and Illumina technologies with the same parameters as those used for samples from the main study. Sequencing reads and nucleotide distributions from this positive control were compared with the Sanger sequence corresponding to the clone, which also matched the consensus sequences generated from the 454 and Illumina reads. Sanger sequencing is commonly used as a comparator for the determination of deep sequencing errors (33, (40) (41) (42) and is expected to 
DISCUSSION
Existing studies on the preeminent mode of action of ribavirin in HCV therapy and particularly the significance of ribavirin-induced mutagenesis remained inconclusive. Several in vitro analyses of poliovirus (19, 38, 49) , GB virus B (50), hantaan virus (51), and foot-and-mouth disease virus (52) showed that ribavirin exhibits mutagenic properties. In contrast, studies investigating ribavirin-induced HCV mutagenesis in patients receiving ribavirin monotherapy concentrated mainly on the analysis of small regions of the HCV genome (NS3, NS5A, and NS5B) via standard clonal sequencing or direct sequencing of PCR products at a depth of about 30 clones per time point, which yielded contradictory results (25-27, 30, 31) . We performed deep sequencing of the complete HCV coding region of patients with chronic hepatitis C undergoing ribavirin monotherapy in order to analyze systematically and with high sensitivity whether ribavirin induces nucleotide substitutions. An increased mutation rate may indicate an error catastrophe, which is followed by viral extinction. Alternatively, it is also conceivable that viruses which are generated in the presence of ribavirin display decreased infectivity and reduced replication capacities (53) , which could lead, in combination with interferon, to the antiviral effect against HCV (54). Our results do not reveal significantly higher frequencies of predominant substitutions in ribavirin-treated patients, indicating that the number of mutations is not generally increased. As during ribavirin monotherapy, only a slight reduction of the HCV load is detectable, a continuous accumulation of mutations with a consecutive increasing probability for the generation of defective viruses is presumably not taking place. The mutagenic effect of ribavirin seems to lead rather to the continuous production of new viruses with increased numbers of ribavirin-induced mutations incorporated, which exhibit slightly reduced replication capacity and/or infectivity, thereby explaining the weak HCV load reduction. This may result in a continuous process with a constant exchange of viral variants. In the present study, we demonstrate that during the 6-week ribavirin monotherapy, the rate of G-to-A and C-to-U transitions, which are specifically induced by the guanosine analogue ribavirin, is enhanced within the HCV genome of ribavirintreated patients in comparison to placebo-treated patients. In a subgroup of four patients, additional time points between baseline and day 42 (day 7 and day 21) were investigated. In line with our hypothesis, here we observed significant mutational differences between each time point without an overall constant increase in the rate of mutations from baseline to day 42 (data not shown). The observed transitions were not limited to NS3 and NS5B, as reported previously (27) , but occurred throughout the full HCV genome, with no preferential location of transitions in certain HCV genome regions.
In principle, ultradeep sequencing allows the sensitive detection of HCV variants. Nevertheless, it is critical to differentiate minor variants from technical errors associated with library preparation and the sequencing process. By sequencing a clonal fragment, we determined for the 454 platform and the Illumina platform error rates in good accordance with data from previous studies (39, 41, 43, 45, 55) . Although specialized software for additional error correction exists (33, 40) , we refrained from employing it in this setting due to the risk of discarding genuine minority variants. Instead, we applied an alternative approach that explicitly incorporates error modeling into the calculation of changes in variant frequencies between two time points (see below). Furthermore, a quality control of deep sequencing reads ensured that only reads with high-quality scores and sufficient read length were used for mapping and downstream analyses (see Materials and Methods). In order to discriminate low-frequency nucleotide variants from technical errors, we employed deepSNV, a statistical filtering procedure that calculates the significance of changes in variant frequencies between two time points for each HCV genome position. Although this method was validated on virus data generated by the Illumina platform, the underlying mathematical model of deepSNV does not make assumptions about the sequencing platform or platform-specific error patterns and is thus also generally applicable to 454 data (N. Beerenwinkel, personal communication). To estimate the genuine number of ribavirin-supported G-to-A and C-to-U transitions, only positions with significant increases in these transitions were considered. This additional analysis confirms our results, further supporting the conclusion that patients under ribavirin monotherapy exhibit significantly more HCV genome positions with G-to-A and C-to-U transitions than do placebo-treated patients. Moreover, non-ribavirin-associated A-to-G and U-to-C transitions were not significantly enriched in ribavirin-treated patients, indicating that ribavirin specifically induces G-to-A and C-to-U transitions.
Both analyses (with and without statistical filtering) show that ribavirin-supported transitions occur as small, medium, and large changes in nucleotide substitutions between two time points. Differences in medium-and high-frequency transitions (Ͼ40% change) between both patient groups could readily be detected without statistical filtering of the deep sequencing data. In ribavirin-treated patients, small transition changes (including changes of Ͻ40%) were not significantly enriched, suggesting that ribavirin-associated transitions originate mainly from medium and large nucleotide changes. However, statistical filtering was essential for distinguishing low-level transitions from technical errors in both patient groups, underlining the importance of the statistical filtering method, particularly for the sensitive detection of minority variants.
Nevertheless, our study has several limitations. Due to difficulties of full-length HCV genome amplification and the high costs of deep sequencing of the entire HCV genome, we were able to sequence the HCV genomes of only a limited number of patients. Therefore, our results do not allow a direct conclusion on the extent of the effect of ribavirin-induced mutagenesis on virologic response. The clinical results of the study in which the patients analyzed here were included are reported elsewhere (56) . Further-more, we have not yet performed functional analyses to clarify the potential mechanism of action of ribavirin-induced mutagenesis.
Finally, our findings do not readily explain the enhanced virological response rates for treatment with IFN-␣ in combination with ribavirin. It is conceivable that the clinical effect of ribavirin may be at least partially mediated by resetting the IFN responsiveness in the liver (14) . In conclusion, this explorative study analyzed ribavirin-induced mutations with high sensitivity and demonstrated that ribavirin induces nucleotide transitions during monotherapy. This effect seems to be a relevant factor for the antiviral activity of ribavirin, which is independent of the additional application of PEG-IFN-␣ and may explain the efficiency of ribavirin in combination with other direct-acting antivirals. The observed mutagenesis of the HCV genome in patients undergoing ribavirin monotherapy is based on the generation of G-to-A and C-to-U transitions. Ribavirin-induced mutagenesis does not explain the normalization of serum aminotransferase levels observed in patients undergoing ribavirin monotherapy, which we also detected in the patients analyzed here. Therefore, other mechanisms of action are likely also involved in the antiviral activity of ribavirin.
